An implantable micromachined neural probe with multichannel electrode arrays for both neural signal recording and electrical stimulation was designed, simulated and experimentally validated for deep brain stimulation (DBS) applications. The developed probe has a rough three-dimensional microstructure on the electrode surface to maximize the electrode-tissue contact area. The flexible, polyimide-based microelectrode arrays were each composed of a long shaft (14.9 mm in length) and 16 electrodes (5 μm thick and with a diameter of 16 μm). The ability of these arrays to record and stimulate specific areas in a rat brain was evaluated. Moreover, we have developed a finite element model (FEM) applied to an electric field to evaluate the volume of tissue activated (VTA) by DBS as a function of the stimulation parameters. The signal-to-noise ratio ranged from 4.4 to 5 over a 50 day recording period, indicating that the laboratory-designed neural probe is reliable and may be used successfully for long-term recordings. The somatosensory evoked potential (SSEP) obtained by thalamic stimulations and in vivo electrode-electrolyte interface impedance measurements was stable 11 Author to whom any correspondence should be addressed. for 50 days and demonstrated that the neural probe is feasible for long-term stimulation. A strongly linear (positive correlation) relationship was observed among the simulated VTA, the absolute value of the SSEP during the 200 ms post-stimulus period ( SSEP) and c-Fos expression, indicating that the simulated VTA has perfect sensitivity to predict the evoked responses (c-Fos expression). This laboratory-designed neural probe and its FEM simulation represent a simple, functionally effective technique for studying DBS and neural recordings in animal models.
Introduction
Electrical stimulation of the nervous system has been used to treat a variety of neurological disorders (Montgomery and Gale 2008) and to facilitate lesion markings of tissues or cells of interest (Brozoski et al 2006 , Townsend et al 2002 . More than 60 000 patients with movement disorders worldwide have been treated by deep brain stimulation (DBS) (Hamani et al 2010) . To understand the mechanism of DBS and to investigate possible hypotheses, comprehensive long-term recording and stimulation studies in rodent models must be developed.
Micromachining techniques have been widely applied to fabricate various new microelectrode array designs with higher accuracy rates and smaller electrode sizes (Chen et al 2009, Motta and Judy 2005) . The most common silicon-based microelectrode arrays have been fabricated with silicon as the structural support layer, silicon nitride and silicon dioxide as the insulator and iridium or gold as the electrode material (Anderson et al 1989 , Ensell et al 1996 , Tanghe and Wise 1992 . In addition, long-term biocompatibility and component durability are issues of concern for microelectrode arrays (Joseph and Fins 2009 , Maged et al 2006 , Stamatios and Peter 2007 ). An inflammation response at the implant site caused by micromotion at the tissue-electrode interface has been a major issue in the application of stiff (silicon or glass substrate) microelectrode arrays for long-term recording (Cheung 2007 , Polikov et al 2005 . The probes in previous studies that were manufactured with micromachining techniques were composed of hard substrates; thus, they easily damaged the tissue during implantation into the deep brain (Snow et al 2006) . A probe based on flexible polyimide substrates can reduce micromotion and alleviate tissue encapsulation, thereby benefiting long-term applications .
However, most polyimide-based microelectrode arrays are prone to bending and moving from the desired implant site during implantation , Rousche et al 2001 . Although the microelectrode arrays may be strengthened by adopting a thicker polyimide, a thicker device may cause greater harm to the tissue. Hence, the probe must be strong enough to withstand insertion forces for targeting accuracy. Furthermore, the signal-to-noise ratio (SNR) is proportional to both thermal noise and signal loss through shunt pathways (Cheung 2007 , Ludwig et al 2006 ; the SNR would be improved by reducing the electrode impedance. However, a trade-off relationship between electrode impedance and an electrode's effective surface area has been identified (Paik et al 2003) . Although the electrode impedance could be reduced by directly increasing the geometric area of the electrode, electrodes with large geometric areas would increase the overall probe size. Hence, increasing the roughness of the electrode surface has become the most intuitive approach to increase its effective surface area without increasing the geometric area of the electrode (De Haro et al 2002 , Lee et al 2002 , Paik et al 2003 .
Several microfabricated microelectrode arrays have been created with high accuracy, and they can be produced with multiple channels without a significant increase to the overall probe size; however, those were generally weak in longterm stimulation (Branner et al 2004 , Chen et al 2009 , Motta and Judy 2005 ). An electric current passing through an electrode causes an irreversible electrochemical reaction that removes metallic ions from the electrode surface (Branner et al 2004 , Lee et al 2002 . This electromigration may reduce the quality of recorded neural signals, which may even lead to recording and stimulation failure Normann 2000, Chen et al 2009) . Accordingly, an increase in the thickness of the electrode is required to increase the resistance to electromigration (Motta and Judy 2005) .
Moreover, the use of microfabrication techniques for DBS implants is not trivial, considering the long shanks needed to reach the subthalamic nucleus (depth: >10 mm) and other deep brain areas. The microelectrode array must be composed of probes with small cross-sectional areas to minimize brain damage (Wei and Grill 2005) . To overcome the shortcomings of existing devices (Motta and Judy 2005 , Maged et al 2006 , Branner et al 2004 , Branner and Normann 2000 , a novel neural probe suitable for application in the DBS domain is needed.
Although DBS has succeeded in research and clinical applications, the effects of DBS at the neuronal level are still difficult to measure and predict (Butson and McIntyre 2005 , McIntyre et al 2004b . After surgical implantation of an electrode into the brain, electrode impedance typically increases due to the foreign-body reaction in which proteins and cells attach directly to the electrode, developing an encapsulation layer around the implanted device (Szarowski et al 2003 , Biran et al 2005 , Johnson et al 2005 , Grill and Thomas Mortimer 1994 , Williams et al 2007 , Moss et al 2004 , Haberler et al 2000 , Xu et al 1997 . The foreignbody reaction and electrode-tissue impedance generally stabilize several weeks post-surgery (Lempka et al 2009, Grill and Thomas Mortimer 1994) ; this stability can be perturbed with electrical stimulation (Johnson et al 2005 , Lempka et al 2009 , Otto et al 2006 . Clinical measurements have also shown reversible decreases in DBS electrode impedance following electrical stimulation (Hemm et al 2004) .
A topic of fundamental importance to understanding the neural response to DBS is the characterization of the electric field generated by DBS and the simulation of the interactions at the electrode-tissue interface McIntyre 2005, 2006) . However, this type of analysis would be difficult, if not impossible, to perform experimentally. As previously described, finite element modeling (FEM), such as electric field models and the multi-compartment cable model for neurons, has provided the ability to quantitatively evaluate the neural response to DBS in a simulated environment , Maks et al 2009 , McIntyre et al 2004a . The activating function (AF) of the extracellular potentials has been used to estimate the volume of tissue activated (VTA) (McIntyre and Grill 2000 , McIntyre et al 2004a , Wei and Grill 2005 . However, several studies have remarked that VTA estimations using the excitation threshold (ET) are more accurate than those applying AFs , Moffitt et al 2004 , Stamatios and Peter 2007 . The ET is defined as the minimum voltage that generates action potentials in the neuronal elements and is obtained by simulating the cable model for specialized types of neurons.
The long-term functionality of electrodes used for recording and stimulation in the brain is commonly assumed to be highly dependent on the composition of the complex environment surrounding an implanted electrode. However, a shortage of quantitative information and experimentally validated methods describing the electrode-tissue interface limits the ability to design successful chronic recording and stimulation devices. In this study, a novel implantable and flexible polyimide-based neural probe is proposed and tested for reliability for usage in DBS applications on animals. Specifically, this study utilized computational models and experimental techniques to investigate how the sensitivity of VTA values affects electrode performance during chronic recording and stimulation applications. FEM was used to characterize the laboratory-designed neural probe; brain tissue properties were used to predict how the probe would be affected by the electric field generated for DBS. Furthermore, the laboratory-designed neural probes were successfully implanted into the rat brain to measure neural signals and stimulate the thalamus in vivo. Figure 1 shows the flow diagram for the fabrication process of a probe with four electrodes. Three masks were used to fabricate this probe. The first mask (M-1) was used to construct the site bases of the electrode/connector pads and the interconnecting traces of the neural probe. The second mask (M-2) formed the three-dimensional (3D) recording electrodes and connector pads. The third mask (M-3) was used to shape the neural probe, including the shaft and the angle of its tip. First, a 200 nm thick chrome layer and then a 700 nm thick copper layer were sputtered (Vvs-70L, VICTOR Taichung Machinery Works Corp., Ltd, Taiwan) as the sacrificial layer onto a glass wafer. Next, a 30 μm thick polyimide (PI-2611, HD Microsystems, USA) layer was coated onto the sacrificial layer with a spin coater (Model KW-4A, CHEMAT Technology, Inc., Taiwan) (Madou 2002, Pratap and Arunkumar 2007) .
Materials and methods

Fabrication of a neural probe
The impact resistance layer of the neural probe was subsequently created by depositing a 200 nm thick chrome layer onto the cured polyimide. The photoresist (EPG512, Everlight Chemical Industrial Corp., Taiwan) was then spun onto the impact resistance layer. Afterwards, M-3 was aligned and exposed. A chrome etchant (eSolv EG-201, Demand International Corp., Taiwan) was used to pattern the outline of the neural probe, as shown in figure 1(A) . The trace layer is shown in figure 1(B) . A second 30 μm thick polyimide layer was coated onto this layer and cured as described previously. Next, a 100 nm thick chrome layer and a 700 nm thick copper layer were sputtered onto the second polyimide layer with a reactor. M-1 was used to lithographically pattern the metal circuits, the 16 pairs of electrode/connector pads and the interconnecting traces. The chrome and copper were then etched, forming the structures of the metal circuits (Madou 2012) .
Next, the insulation procedure was performed. A thin, third layer of polyimide (3.2 μm thick) was spun onto the trace layer for the protection of the metal circuits. Windows (3.2 μm thick) lithographically patterned with M-2 were created using O 2 plasma etching on the third layer of the polyimide, forming the 16 electrode/connector pad pair sites, as shown in figure 1(C). The electrodes and connector pads were created using electroplating. A 5 μm thick gold layer was subsequently deposited onto the electrode sites and connector pads, as shown in figure 1(D) . The outline of the neural probe was lithographically patterned with M-3, which was etched with O 2 plasma (Madou 1997) . The sacrificial layer was selectively etched with a copper etchant (RTE-Cu29 WBL-B, Resound Tech. Inc., Taiwan) in the final stage of fabrication. Finally, the neural probe was removed from the glass wafer, as shown in figure 1(E).
A schematic view of the neural probe is presented in figure 1(F) . The tip of the probe was designed with a 50
• tapered angle. In addition, the flexible, polyimide-based microelectrode array consisted of a long shaft (14.9 mm in length) and 16 electrodes (5 μm in thickness and with a diameter of 16 μm). The space between each electrode was 74 μm and the total recording length was 1.1 mm.
Measurements of in vitro impedance
The impedance of each electrode on the neural probe was assessed using impedance spectroscopy (LCR4235, Wayne Kerr Electronics Ltd, UK). After immersion in a phosphatebuffered saline (PBS) solution, the in vitro impedance of the neural probe was measured by applying a 20 mV sinusoidal voltage with frequencies varying from 10 Hz to 10 kHz. A large Ag/AgCl electrode was used as the reference electrode. 
FEM of thalamic stimulation
To investigate the effects of extracellular stimulation using different stimulation sets, 3D models of thalamic stimulation were implemented using FEM; the VTA was predicted using a multi-compartment cable model of a thalamocortical (TC) relay neuron (McIntyre et al 2004a , Rattay 1986 , 1989 , Warman et al 1992 . The simulation processes in this study involved the following steps: (1) an axisymmetric FEM of the neural probe and brain tissue was created; (2) the stimulus current was applied to the electrode of the laboratory-designed neural probe, which was positioned in a homogeneous and isotropic volume conductor; (3) the potential distribution in the tissue medium was calculated using an FEM solver; and (4) the VTA was estimated using the ET within the TC relay neuron model.
A 3D FEM of the probe with 12 519 279 nodes was constructed using the commercially available software package ElecNet 7 (Infolytica Corp., Canada). The axisymmetric volume conductor surrounding the electrodes was modeled as a 1 mm 3 cube of homogeneous and isotropic tissue medium. The electrical resistivity of the gold electrode and the polyimide substrate of the laboratory-designed neural probe were 2.2 × 10 . The distribution of the extracellular potential (V e ) generated in the tissue medium was calculated using a frontal solution method (McIntyre and Grill 2001 , 2002 , McIntyre et al 2004a for the Laplace equation:
The Laplace equation describes the potential variation in the electrolytic solution or tissue when the concentrations are uniform (Newman 1966) . The extracellular potential was calculated using an FEM solver, and then the VTA was estimated using the ET within the TC relay neuron model (please refer to the appendix for details).
Animal preparation and grouping
In total, 30 male Wistar rats weighing 250-300 g (BioLASCO Taiwan Corp., Ltd) were used in the electrophysiological experiment. All procedures for the animal experiments were in accordance with the Guidelines for Care and Use of Experimental Animals outlined by the Laboratory Animal Center at National Chiao Tung University and National Yang Ming University.
The laboratory-designed neural probe was examined for its performance in chronic conscious recording, chronic stimulation recording, and c-Fos immunoreactivity mapping. For chronic neural activity recording, neural probes were implanted into five rats for neural activity recordings for a 50 day period. The quality of the recorded signals was evaluated with the SNR. For chronic stimulation recording, neural probes were implanted into five rats to record somatosensory evoked potentials (SSEPs) induced by thalamic stimuli for 50 days. This method was used to evaluate the SSEP changes in response to long-term stimulation. The remaining animals (n = 20) were used to investigate the magnitude of the changes in the c-Fos expression in rat brains elicited by activated volumes at intensities of 50, 100, 200 and 300 μA.
Chronic neural activity recording (n = 5)
Each rat was anesthetized with pentobarbital (50 mg kg −1 i.p.) and placed on a standard stereotaxic apparatus (Model 900, David Kopf, USA). After the dura was removed from the brain, the neural probe was inserted vertically into the right ventroposterior thalamus (VP, including ventral posteriomedial/posteriolateral nucleus (VPM/VPL)) with a target location of P 3 mm and L 3 mm with respect to the bregma and positioned 6 mm from the surface of the brain (Paxinos and Watson 2007) . A stainless steel screw used as the reference electrode was positioned 2 mm caudal to lambda. The neural probe and the reference screw were permanently cemented to the bone using dental acrylic (Type 1 Class 1, Hygenic Corp., USA). During neural implantation and recording, the animals' blood pressure was maintained at >95 mmHg using a 3-4.5% end tidal CO 2 concentration. The rectal temperature was measured with a thermocouple and maintained at 37 ± 0.5
• C through a feedbackcontrolled blanked system (Harvard Apparatus, Holliston, Massachusetts, USA). After a one-week post-surgery recovery period, neural signals were recorded every two days for 50 days.
A multichannel acquisition processor (Plexon Inc., USA) was used to record neural signals from the 16-channel neural probe. During each recording session, the rat was free to move in the recording booth for 3 h; neural signals were recorded continuously for the last 30 min. The recorded signals were transmitted from the headstage to an amplifier through a bandpass filter (spike preamp filter: 450 Hz-5 kHz; gain: 15 000-20 000) and sampled at 40 kHz per channel. An automatic spike sorting tool (Lai et al 2011) was used to classify neural spikes recorded from each electrode on the neural probe. The quality of neural signals recorded was analyzed offline with the SNR estimation in MATLAB (MATLAB R11, Mathworks Inc., USA). The SNR of the neural signal was defined as the average peak-to-peak amplitude of spikes to the root mean square of the background noise (Ludwig et al 2006 , Maynard et al 2000 .
Chronic SSEP recording and in vivo electrode impedance measurement (n = 5)
Under isoflurane (Hospira, Lake Forest, Illinois, USA) anesthesia (induction 4%; maintenance 1.5%), the rats were placed on a standard stereotaxic apparatus (Model 900, David Kopf, USA). Two craniotomies were performed; epidural cortical electrodes were secured in the skull over the bilateral S1FL cortex (coordinates from bregma: AP, +0.5 mm; ML, ± 4 mm) for electrocorticography (ECoG) recordings. A stainless steel screw used as the reference electrode was positioned 2 mm caudal to lambda. The two epidural cortical electrodes and the reference screw were permanently cemented to the bone using dental acrylic (Type 1 Class 1, Hygenic Corp., USA). For chronic thalamic stimulation, another craniotomy was performed for the implantation of the neural probe into the thalamic VPM/VPL (3 mm caudal to bregma, 3 mm from midline and 6 mm ventral to the pia surface). The neural probe was secured in the skull using dental acrylic and was covered with a small amount of 2% Agar. During neural implantation and recording, the animals' blood pressure was maintained at >95 mmHg using a 3-4.5% end tidal CO 2 concentration. The rectal temperature was measured with a thermocouple and maintained at 37 ± 0.5
• C through a feedback-controlled blanked system (Harvard Apparatus, Holliston, Massachusetts, USA).
Following a one-week recovery period, a biphasic constant current at 50, 100, 200 and 300 μA pulses, with a width of 0.3 ms at a frequency of 1 Hz, was administered using a stimulator (Model 2100, A-M Systems, USA) to each anesthetized rat (isoflurane induction 4%; maintenance 1.5%) receiving thalamic stimuli. The thalamic stimuli were administered between electrode sites #1 and #4 on the neural probe, with a fixed distance of 198 μm. Meanwhile, bilateral SSEPs were filtered on pre-amp between 0.3 and 500 Hz and sampled at 1 kHz; data acquisition was performed using a Cerebus multichannel data acquisition system (Blackrock Microsystems, Salt Lake City, Utah, USA). The SSEP recording was performed every two days for 50 days; each stimulus intensity was presented once to each animal.
The SSEPs were analyzed offline using MATLAB (MATLAB R12, Mathworks Inc., USA) to evaluate the evoked responses induced by thalamic electrical stimuli. The evoked SSEP amplitudes of individual sweeps were averaged over 150 sweeps to generate an averaged evoked SSEP. Afterwards, the averaged evoked SSEP was summed to obtain an absolute value of the amplitudes for the evoked response during the 200 ms post-stimulus period, denoted as SSEP. SSEP changes were used to evaluate the stabilities of the evoked responses induced by the thalamic stimuli over long periods. Furthermore, the coefficient of determination (R 2 ) of the linear curve fit was statistically evaluated from the relationship between the SSEP and the stimulus intensities of 50, 100, 200 and 300 μA.
The in vivo electrode-electrolyte interface impedance was measured in animals with implants every two days for 50 days after the one-week recovery period. The impedance of the 16 implanted electrodes was measured using a sinusoidal voltage source (20 mV, <150 nA, at 1 kHz) through electrode sites #1 and #4. The impedance measurement method was based on the standard method adopted in previous studies (Chang and Chiou 2010, Chen et al 2009) .
C-Fos immunohistochemistry mapping (n = 20)
In total, 20 animals with thalamic implantation (similar to the procedures described in section 2.6) were divided into four groups (five per group). The animals received 1 Hz thalamic stimulation at 50, 100, 200 and 300 μA for 150 s. The animals were sacrificed 2 h after thalamic stimulation, as this delay corresponds to the maximum c-Fos expression after a variety of stimulation situations (Herrera and Robertson 1996) . Each rat was anesthetized with an overdose of pentobarbital solution (50 mg kg −1 i.p.) and then perfused with 300 ml of 0.05% heparin in PBS and 300 ml of 4% paraformaldehyde (PFA) in PBS at a flow rate of 15 ml min −1 . The brain was carefully extracted from the skull and soaked in a mixture of 4% PFA and 30% sucrose at 4
• C for 2 h, upon which the brain was soaked in PBS. Each brain was sliced into 50 μm coronal sections with a freezing microtome (object temperature = −15
• C, CM 1800, Leica, Germany).
The brain slices were washed in PBS (3 × 10 min) and placed in 0.1% H 2 O 2 in PBS for 60 min before being washed in PBS (3 × 10 min). Following placement in 10% bovine serum albumin for 2 h, the slices were washed again in PBS (3 × 10 min). The slices were incubated with a polyclonal rabbit anti c-Fos antibody (Novus Biologicals, LLC, USA) at dilutions of 1:300 in PBS for 16 h at 4
• C. Subsequently, the slices were washed in PBS (3 × 10 min) and incubated with anti-rabbit IgG biotin conjugate (Novus Biologicals, LLC, USA) at dilutions of 1:300 in PBS for 1.5 h.
After washing in PBS (3 × 10 min), the slices were incubated in an avidin-biotin complex (ABC, Wako Pure Chemical Industries, Ltd, Japan) solution at dilutions of 1:100 for 60 min. The slices were then washed in 0.05 M TrisHCl buffer (Wako Pure Chemical Industries, Ltd, Japan) (3 × 10 min) and immersed in a mixture solution of 0.05% 3 -3 -diaminobenzidine (Wako Pure Chemical Industries, Ltd, Japan) and 0.1% H 2 O 2 (10 min). Then, the slices were washed in 0.05 M Tris-HCl buffer (3 × 10 min). Each slice was eluted in an ethanol gradient (75% ethanol, 85% ethanol, 90% ethanol, 95% ethanol and 99.9% ethanol) for 3 min and dehydrated in xylene (Fullin Nihon Shiyaku Bio., Ltd, Taiwan) for 10 min. Finally, each slice was dried and placed in a Permount medium for further optical microscopic image observations and analysis.
The quantification of c-Fos positive immunoreactivity within the thalamic nucleus was performed bilaterally for 30 slices ranging from 2.2-3.7 mm posterior to the bregma for each rat for each selected brain region using freeware Image Processing and Analysis in Java (ImageJ, NIH). Cell counts per mm 2 were analyzed for the bilateral central lateral (CL), VP and mediodorsal (MD) nucleus of the thalamus (Paxinos and Watson 2007) . A linear data fit with a corresponding coefficient of determination (R 2 ) was used to determine the relationship between the positive c-Fos expression in the thalamus and the activated volumes produced by the stimulus intensities of 50, 100, 200 and 300 μA. The higher the R 2 value for the activated volumes, the more sensitive the positive c-Fos expression is to that of the stimulus intensities. R 2 values of above 0.8 indicate a statistically good fit.
The resulting mean values and standard deviation (mean ± SD) for the data, including in vivo impedance, SNR, SSEP, in vivo electrode-electrolyte interface impedance and c-Fos positive nuclei, are presented in the text.
Results
Assembly of the neural probe
The neural probe was designed for both implantation and long-term recording and was constructed as depicted in figure 2(A). The neural probe was bonded onto a miniature printed circuit board, which was combined with a connector (A8141-001, Omnetics Connector Corp., USA). Because of its small size and lightness (<3 g), the neural probe can be implanted into the rat brain while permitting relative free movement for the animal. In figure 2(B) , the 16 electrode sites and interconnecting traces located on the long shaft of the polyimide substrate are shown. A rough 3D microstructure of the electrode surface obtained by scanning electron microscopy (SEM) is presented in figure 2(C) . The flexibility of the probe is demonstrated by its capability of returning to its original shape even after being bent ( figure 2(D) ). The Young modulus, a measure of the stiffness of an isotropic elastic material (Cheung 2007 , Subbaroyan et al 2005 , of the laboratory-designed neural probe was approximately 54 GPa.
Effective areas of electrical stimulation
The primary goal of this FEM simulation was to characterize the spread of electrical stimulation in the brain tissue following DBS. The effects of the stimulus intensity were quantified , the VTA values were 9625, 17 250, 32 625 and 44 125 μm 3 , respectively. Therefore, the VTA values were found to increase with the stimulation intensities. The VTA values for parallel fibers in tissues with different conductivities are shown in figure 5 . The VTA values for all tissue conductivities were extended with increased stimulus intensity. In addition, the VTA values increased with the tissue conductivity for each current stimulus level.
The quality of chronic neural recordings
Because minimizing the electrode impedance is an important requirement for obtaining high-quality neural recordings, electrodes with rough 3D structure were fabricated by the electroplating processing in this study. The average in vitro impedance of the five neural probes was 2.60 ± 0.52 M at 1 kHz (mean ± SD, n = 5), which worked reasonably well in acute and chronic implanted applications.
As the neural probe was primarily designed for longterm recording, the quality of chronic neural recording was also evaluated. A freely moving rat with the implanted neural probe was placed in the recording booth, as shown in figure 6(A). A photomicrograph of the implantation section is shown in figure 6 (B). The figure was modified by superimposing one lesion marker on one implantation track, which was then overlaid with a scaled image of the designed probe. The lesion marker was used to identify the location of the outermost recording site. The spontaneous neural activities simultaneously recorded from the 16 electrodes are shown in figure 6(C).
After implantation, the SNRs of the implanted neural probe were measured. The SNR was 4.87 ± 0.40 and 4.72 ± 0.34 (mean ± SD, n = 5) on day 0 and day 50, respectively. The SNR of the recorded signals ranged from 4.4 to 5, with no significant decrease throughout the experimental session (p-value = 0.103; repeated measures ANOVA; n = 5), as shown in figure 6(D) . These results illustrate the stability and high quality of long-term recordings performed using the laboratory-designed neural probe.
The stability of SSEPs and in vivo electrode-electrolyte interface impedance for long-term stimuli
An example of the averaged SSEPs on days 0 and 50 is shown in figure 7(A) . Increased intensities of thalamic stimuli resulted in increased SSEP magnitudes. Insignificant differences in SSEP morphology were observed between day 0 and day 50 under the same intensity of thalamic stimuli. The chronic change in SSEP was used to evaluate the stability of the longterm stimuli in the thalamic VP, as shown in figure 7 ANOVA; n = 5). The in vivo electrode-electrolyte interface impedance (at 1 kHz) was measured to detect chronic tissue proliferation around the electrodes (Suner et al 2005) . After implantation (day 0), the laboratory-designed probe's in vivo electrode-electrolyte interface impedance (at 1 kHz) was 0.25 ± 0.06 M (mean ± SD, n = 20). During the 50 days after implantation, the variation of the in vivo electrode-electrolyte interface impedance was small, with similar impedance values of 0.25 ± 0.06 and 0.24 ± 0.05 M recorded on day 14 and day 50, respectively. No significant change in the in vivo electrodeelectrolyte interface impedance was observed during the chronic stimulation session (p-value = 0.114; repeated measures ANOVA; n = 5), as demonstrated in figure 7(C) . The relationship between the SSEP results and stimulus intensities was also examined. The black line in figure 7(C) represents the linear curve fit (R 2 = 0.9927). The results suggest a significantly linear relationship between the SSEP results and the stimulus intensities. The value of the slope is close to 1 (slope = 0.9927), suggesting that the stimulus intensities were almost perfect in predicting the evoked responses (SSEP).
C-Fos expression induced by thalamic stimuli
The quantification of c-Fos immunoreactivity within bilateral thalamic nuclei induced by thalamic stimuli is presented in table 1. For the thalamic nuclei of the CL, VP and MD, increased numbers of cell clusters immunoreactive to c-Fos were observed with increased stimulus intensities, as shown in figure 8(A) . The ipsilateral thalamic CL and VP nuclei exhibited a significantly higher number of c-Fos-labeled cells compared with their contralateral counterparts (p-value < 0.05; Student's t-test; n = 20). Figure 8 (B) presents the correlation test between the summation of the number of c-Fos-labeled cells in the thalamic CL, VP and MD nuclei and stimulus intensities. The strong linear fit has coefficients of determination (R 2 ) of 0.9704 and 0.9574 for the ipsilateral and contralateral sides in the thalamus, respectively.
Linear relationship among VTA predications, in vivo SSEPs and c-Fos expressions
The linear curve fit between SSEP and the c-Fos expression is shown in figure 9 
Discussion
In this study, a novel flexible microelectrode neural probe was designed, fabricated and validated experimentally through in vitro and in vivo characterization of its performance during stimulation and recording applications. Metallic layers were sandwiched between polyimide layers to strengthen the neural probe to withstand insertion forces and to allow accurate positioning of the tip at the target of interest. In addition, electroplating was used to increase the sturdiness, density and thickness of each electrode, thus extending the lifespan for signal recordings and electrolytic stimulation. The SNR and SSEP results indicate that the neural probe is feasible for long-term recording and stimulation. Furthermore, the mechanisms and factors affecting the DBS outcome were evaluated using VTA estimation. A strongly positive correlation exists among the VTA estimation value, SSEP and c-Fos expression value. Due to its smaller Young modulus, a probe with 'soft' substrate may bend substantially near the brain surface (Subbaroyan et al 2005) . Durable materials are required to construct a microelectrode array that is stiff enough to withstand insertion forces and long enough to penetrate into the subcortical brain without bending or path deviation to ensure accurate electrode placement. An impact resistance layer constructed by sandwiching a 200 nm thick chrome layer between two 30 μm thick polyimide layers was applied to the laboratory-designed probe. This design increased the strength of the polyimide-based microelectrode array while retaining its flexibility. The Young modulus of the laboratorydesigned probe was increased to 54 GPa, within the range of the Young modulus of silicon-based microelectrode arrays (∼170 GPa) and purely polyimide-based microelectrode arrays (∼3 GPa). Therefore, the harmful effects caused by micromotion (Cheung 2007 , Kim et al 2004 , Ludwig et al 2006 , including protein adsorption, macrophage fusion to the electrode and the development of an encapsulation layer around the tissue-electrode contact area, were reduced, and the stability for chronic recordings was improved. The SNR estimation results of the laboratory-designed probe recording ranged from 4 to 5 over the course of the 50 day recording period, demonstrating that the signals were of good quality (Ludwig et al 2006) . In addition, the SNR variation of the laboratorydesigned probe was smaller than that of Ludwig et al (2006) . The SNR of the recorded signals remained stable and qualitative, implying that the laboratory-designed probe was stable and reliable enough for long-term recording.
The probe specifically designed for stimulation contains a gold metal trace with a lower resistivity to provide for lower voltage drops during stimulation current passage. Our evaluations indicated that the in vivo electrode-electrolyte interface impedances of the electroplated Au electrodes on the probe were smaller than those of the thin-filmdeposited electrodes on a commercial probe. In addition, the electroplating process produced harder, denser and thicker electrodes that could withstand a large amount of metal dissolution ( De Haro et al 2002) . Hence, the electroplated Au electrodes on the laboratory-designed neural probe could tolerate stronger electrical conduction than the thin-filmdeposited electrodes on the silicon-based probe (Chen et al 2009) .
The electroplating process produced Au electrodes with rougher surfaces according to SEM evaluations, thus increasing the effective surface area and reducing the electrode impedance (De Haro et al 2002 , Kovacs 1994 , Paik et al 2003 , Heim et al 2011 . In addition, these rougher surfaces provided an increased surface area, resulting in a significantly increased double layer capacitance that was mostly polarizable and included an interface impedance that was mostly represented by capacitance (Butson and McIntyre 2005 ). An electrode with high polarization can accommodate a large amount of charge on the double layer and is therefore desirable for stimulation McIntyre 2005, Wei and Grill 2009 ). The quantitative measurements of the in vivo electrodeelectrolyte interface impedance demonstrated an increased impedance magnitude on day 8. After this initial increase, the impedance remained constant for the next week until the end of the experiment. Moreover, the SSEP in S1FL induced by thalamic stimuli maintained a consistent magnitude in the evoked response over the 50 day experimental period. Therefore, the electroplating process produced Au electrodes with an improved stability for charge delivering capacity, which is a requirement for chronic applications.
Studies have applied simulated models using FEM analysis to predict VTA changes in the human brain (Butson and McIntyre 2008 , Stamatios and Peter 2007 . Due to the limitations of human experiments, the first animal study was performed to compare the predicted VTA changes and real neural responses with the same electrode placement and stimulation parameter settings. Here, the stimulated area in the thalamus was small; therefore, the tissue conductivity was homogeneous across various depths (Anderson et al 1989 , Townsend et al 2002 , especially in the complex VP nuclei in the rodent model (Emmers 1988 , Chen et al 2004 . Furthermore, the laboratory-designed probe with a small electrode size provided precise stimulation to induce specific SSEP changes in the cortical area and cFos expression in the thalamic VP nuclei. The simulated VTA results demonstrated excellent correlation (R 2 > 0.96) with SSEP changes and the c-Fos expression value, which indicated that simulated VTA during thalamic stimuli can characterize the sensitivity of the neural responses. Although VTA prediction using FEM with the homogeneous and isotropic medium may be reliable in the rodent model, the predictions may not be as accurate in humans McIntyre 2005, 2006) . Possible reasons for this difference are as follows. (1) The diameter of the myelinated axon of TC relay neurons in the human brain is larger than that in the rat brain. (2) All nodes of Ranvier along the fibers were set in the same direction in our FEM simulation. However, more random fiber directions relative to the electrode may reduce the VTA , and (3) to focus on the single impact of stimulation intensity, the effects of fiber direction, electrode configuration, and inhomogeneous and anisotropic tissue medium were not discussed here McIntyre 2005, 2006) .
To understand the interaction between the electrode on the laboratory-designed probe and the neural tissue, the ET was used to predict the activation patterns of neurons by extracellular potentials , Rattay 1989 Warman et al 1992) . ETs are defined as the minimum voltage that generated action potentials at the soma, the dendrites and the myelinated axon. First, the AF, f (n), was calculated from the extracellular potential (V e ) at each segment, n, as follows (Woock et al 2010) :
where n is the node of interest and L is the internodal length. The activation patterns are related to the second spatial derivative of the extracellular potential along the axis of the nerve fiber (Rattay 1989 , Warman et al 1992 . Next, TC relay neuron models were implemented using NEURON v. 7.1 (Carnevale and Hines 2006) to estimate the ET at the elements of the TC relay neuron (Butson and McIntyre 2005 , 2006 , Moffitt et al 2004 , Stamatios and Peter 2007 ). An action potential occurs when the AF exceeds the ET. Finally, the VTA values can be predicted by calculating the volumes for which neuronal excitation occurs.
